ABSTRACT
Controlling the type and the concentration of charge carriers is at the heart of modern electronics: it is the ability to combine gate voltages and dopant concentration to locally change the density of electrons or holes that allows the variety of nowadays available semiconductor-based devices. However, according to the semiconductor industry roadmap, the conventional Si-based electronics is expected to encounter fundamental limitations at the spatial scale below 10 nm, thus calling for novel materials that might substitute or complement Si. One possible candidate for the material for future electronics is graphene, the two-dimensional form of carbon with atoms arranged in a honeycomb lattice. 1, 2, 4 It exhibits ballistic transport on a submicron scale and can be doped heavily, either by gate voltages or molecular adsorbates, without significant loss of mobility. 1, 3 These extraordinary transport properties are determined by different sources of scattering, which are a matter of controversy in graphene and carbon nanotubes (CNTs) at the moment. Controlling and discriminating between different scattering channels requires an understanding of doping mechanisms on the atomic level. In addition to electronic applications, recent experiments 3 have demonstrated graphene's potential for solid-state gas sensors and even the possibility of single molecule detection. A clear picture of the physics behind these doping and gas-sensing effects is the central issue of this letter and will allow for the optimization of future gas detection and electronic devices.
Doping in graphene-related systems has attracted a lot of research activity in the past years. Already, the first experiments with graphene showed the possibility of inducing charge carriers to this material by the adsorption of various gases including NH 3 , H 2 O, and NO 2 .
1 Hall effect measurements proved that NH 3 induces electrons, whereas the latter two types of adsorbates result in holes as charge carriers. Those gases have been detected at remarkably low concentrations, and NO 2 has even been detected in the extreme limit of single molecules. 3 CNTs, being rolled up graphene sheets, exhibit similar doping effects upon gas exposure 5 and stimulated first-principles studies of these systems: density functional theory (DFT) calculations for NO 2 , H 2 O, and NH 3 on nanotubes revealed possible physisorbed geometries on nondefective CNTs and developed a "standard model" to interpret this doping: [6] [7] [8] By considering Mulliken or Löwdin charges of the adsorbed molecules, NO 2 is found to accept 0.1 e -per molecule from the tube, whereas one NH 3 molecule is predicted to donate between 0.03 and 0.04 e -. 7, 8 However, this "standard model" for CNTs fails for graphene, especially in explaining the qualitative difference between NO 2 and the other adsorbates.
In this work, we have chosen the NO 2 system providing both open-shell single molecules and closed-shell dimers N 2 O 4 to study the doping due to adsorbates by combining ab initio theory with transport measurements. Theoretically, the electronic and structural properties of the graphene adsorbate systems are addressed by means of DFT. As van der Waals forces are ill represented in the local density approximation (LDA) as well as in gradient-corrected exchange correlation functionals (GGA) resulting in overand underbonding, respectively, 9 we apply both functionals to obtain upper and lower bounds for adsorption energies and related structural properties. All calculations are carried out with the Vienna Ab Initio Simulation Package (VASP) 10 using projector augmented waves (PAWs) 11, 12 for describing the ion cores. The corresponding plane wave expansions of the Kohn-Sham orbitals were cut off at 875 eV in the GGA 13, 14 and at 957 eV in the LDA calculations. In this periodic scheme, single NO 2 and N 2 O 4 adsorbates are modeled in 3 × 3 and 4 × 4 graphene supercells, respectively. The ionic configurations presented in this letter are fully relaxed, i.e., with all forces being less than 0.02 eV Å -1
, and the convergence of subsequent total energy calculations is guaranteed by applying the tetrahedron method with Blöchl corrections on Γ-centered k-meshes denser than 30 × 30 × 1, when folded back to the single graphene Brillouin zone. In the spirit of ref 15 , the density of states (DOS) values obtained in our DFT calculations are the central quantities in the following discussion of the adsorbate effects on the electronic properties of the graphene sheets.
Gaseous NO 2 stands in equilibrium with its dimer N 2 O 4 , giving rise to various different adsorption mechanisms on graphene, similar to the case of graphite. 16, 17 For both, we obtained possible adsorption geometries as depicted in Figure  1 , right. The corresponding adsorption energies in GGA are 85 meV (a), 67 meV (b), 67 meV (c), 50 meV (d), and 44 meV (e) per molecule, with sheet-adsorbate distances of 3.4-3.5 Å for the monomer and 3.8-3.9 Å for the dimer. As usual, LDA yields higher adsorption energies (approximately 169-181 meV for the monomer and 112-280 meV for the dimer) and favors the adsorbates by 0.5-1 Å nearer to the sheet. Adsorption near defects can cause higher adsorption energies, such as, for example, chemisorption of NO 2 at a vacancy defect yielding 1.8 eV. However, the doping effects occurring there turn out to be similar to those on perfect graphene. So we will limit the following discussion to the latter case.
The spin-polarized DOS of the supercells containing NO 2 , shown in Figure 1a ,b, reveals a strong acceptor level at 0.4 eV below the Dirac point in both adsorption geometries. The molecular orbitals of NO 2 correspond to flat bands and manifest themselves as peaks in the DOS. The energies of these peaks are virtually independent of the adsorbate orientation. Most important for doping effects is the partially occupied molecular orbital (POMO) of NO 2 , which is split by a Hund-like exchange interaction: the spin-up component of this orbital is approximately 1.5 eV below the Dirac point and fully occupied, as it is also for the case of free NO 2 molecules. The spin down component of the NO 2 POMO is unoccupied for free NO 2 , but is 0.4 eV below the Dirac point in the adsorbed configuration. 25 Hence, it can accept one electron from graphene in the dilute limit, which corresponds to the limit of an infinitely large supercell.
By means of band structure calculations, we investigated the bandwidth and hybridization of the NO 2 acceptor bands with the graphene bands. It turns out that, in a small region, less than 1% of the Brillouin zone, where the graphene and the NO 2 POMO bands come as close as 40 meV, these bands start mixing significantly. In the entire rest of the Brillouin zone, the acceptor band is localized almost entirely at the adsorbate and extends over 5 meV in energy space.
In contrast to the paramagnetic monomer, the dimer, N 2 O 4 , has no unpaired electrons and is diamagnetic: upon formation from two monomers, the two POMOs hybridize with the resulting bonding orbital being the highest occupied molecular orbital (HOMO). The possibility of doping effects due to adsorbed dimers has been investigated using the DOS depicted in Figure 1c -e. Again, the molecular orbitals of the adsorbates are recognizable as sharp peaks in the supercell DOS. Similar to NO 2 , band structure calculations reveal hybridization of the adsorbate and the graphene bands, where these bands come as close as 40 meV, and an impurity bandwidth of about 3 meV outside the band crossing region. One finds that the N 2 O 4 HOMO is in all cases more than 3 eV below the Fermi level and therefore does not give rise to any doping. However, the lowest unoccupied molecular orbital (LUMO) is always quite near to the Dirac point, i.e., between 1 and 66 meV above it. 26 Those initially empty N 2 O 4 LUMOs can be populated by the graphene electrons as a result of thermal excitations and act consequently as acceptor levels. Thus both N 2 O 4 and NO 2 give rise to p-type doping of graphene, with one decisive distinction: the affinity of the open shell monomer to accept electrons from graphene is
Our theoretical considerations made so far imply the following experimentally checkable features: First, there will be two types of dopants when graphene is exposed to NO 2 s the monomer and the dimersgiving rise to acceptor levels far below and rather close to the Dirac point, respectively. Furthermore, we find both acceptor states almost entirely localized at the adsorbate molecules and similarly weakly hybridized with the graphene p z bands. Therefore electrons in both acceptor states should exhibit a similar electron mobility, which should be much less than the mobility of the electrons in the graphene bands.
These predictions will be examined experimentally in the following part of this letter by combining electric field effect and Hall measurements at different adsorbate concentrations. To this end, we prepared Hall bar devices with Ti/Au (5 nm/40 nm) contacts from monolayer graphene flakes 18 on heavily doped oxidized (300 nm SiO 2 ) silicon substrate. As prepared, our samples were unintentionally p-doped, likely caused by water on the graphene surface. This unintentional doping was removed by annealing in vacuum for 2 h at 410 K. 1 Then the samples were exposed to NO 2 strongly diluted in nitrogen (100 ppm of NO 2 ) for 60 s at room temperature. After the exposure, the chamber was evacuated, and the samples were annealed in a number of annealing cycles while being constantly kept under vacuum. During each annealing cycle our, devices were heated up to 410 K, kept at that temperature for some time, allowing for desorption of some NO 2 /N 2 O 4 (thus reducing the doping level slightly), and then cooled to room temperature at which longitudinal R xx and Hall R xy resistances were measured at B ) 1 T as a function of the gate voltage V G using a standard low-frequency lockin technique. This procedure allowed us to vary the level of doping gradually in the range from 3 × 10 12 cm -2 down to practically pristine state with doping as low as 10 11 cm -2 by controlling the time spent at 410 K (varied from 2 min for the very first cycle up to 16 h for the last cycle, when the undoped state was reached). At T ) 300 K, the level of doping achieved after each of the annealing cycles was stable with the precision of a few percent. Figure 2 presents R xy as a function of the gate voltage for a sample annealed in 16 cycles (though only three measurements 27 taken in the 4th, 7th, and 13th cycles, plus the curve for the pristine state are presented for clarity).
These R xy versus V G measurements exhibit two characteristic features. First, the curves move toward higher positive gate voltages with increasing NO 2 /N 2 O 4 doping. Second, the transition region, where R xy depends linearly on the gate voltage (corresponding to the presence of both types of carriers), becomes wider, and, simultaneously, the maximum R xy achieved becomes lower for a higher amount of NO 2 / N 2 O 4 on the graphene sample. This is clear evidence of the two distinct acceptor levels, as will be explained in the following.
Consider 1/R xy as shown in Figure 3 . The deep acceptor level causes a solid shift at all V G , while the acceptor level close to the Dirac point gives rise to an additional shift of the electron branch (straight line at negative 1/R xy ). The curve for doped graphene (blue curve) exhibits these two shifts with respect to the red curve, which corresponds to undoped graphene. The NO 2 -acceptor level shifts the entire doped curve to the right, whereas the additional shift of the electron branch reflects the presence of the N 2 O 4 impurity level near the Dirac point. The latter additional shift in 1/R xy displays as broadening of the transition region near the charge neutrality point in the R xy curves, as discussed above. We would like to stress that similar behavior can be seen in the R xx curves, where the peak broadens and its position shifts toward higher positive gate voltages. However, here we would like to concentrate on R xy as the most suggestive measurements.
To make the analysis more quantitative, we present a simple model, which is based on the presence of four types of carriers: electrons and holes in graphene as well as electrons in the NO 2 and N 2 O 4 acceptor states. Electrons and holes in graphene have approximately the same, rather high mobility of about 5000 cm 2 / Vs. 1 Our DFT calculations predict the acceptor bands to both be flat with a similar bandwidth, and a similar, weak hybridization with the graphene bands is found. Thus, we expect the mobility µ of electrons in the impurity states to be much smaller than the mobility of the electrons in the graphene bands. Expressing the impurity-state electron mobility µ in units of the graphene electron mobility, the Hall resistance is given by 19 
, where n (p) is the density of electrons (holes) in graphene, and c is the density of electrons in the impurity states. As the gate voltage V G ) Rσ is directly related to the total charge density of the sample σ ) e(c + n -p), where the prefactor R is determined by substrate properties as described in ref 1, we can simulate the Hall resistance as a function of V G .
To this end, we adjust the global fit parameter R to the slope of the |1/R xy | curves. Once the impurity-state electron mobility µ and the impurity DOS N imp are specified, R xy and V G are functions of the chemical potential, since n, p, and c are determined by the graphene DOS and N imp , respectively, via the Fermi distribution function. It turns out that, for reasonable agreement of all 17 experimental curves (four of them presented in Figure 2 ) with the simulations, µ ≈ 0.1 is required and N imp (E) has to be peaked around two distinct energies, E 1 e -300 meV and E 2 ≈ -40 meV. Taking in particular 28 we simulate the R xy versus V G measurements with three global fit parameters R, µ, and E 2 and two curve specific fit parameters, c 1 and c 2 . E 1 e -300 meV corresponds to our DFT estimation of E 1 ≈ -400 meV. The good agreement of simulations and experiment (see Figure 2) confirms the presence of two distinct impurity levels due to the NO 2 and N 2 O 4 as predicted by DFT. The coefficients c 1 and c 2 are the measures of the density of electronic states due to the NO 2 and N 2 O 4 adsorbates, respectively. From the fitting of the simulations to the experimental curves we obtain c 1 ) 1.7, 1.1, and 0.6 × 10 12 cm -2 and c 2 ) 1.3, 0.9, and 0.3 × 10 12 cm -2 for the brown, blue, and magenta curve in Figure  2 , respectively, corresponding to 3000-10 000 molecules on a device of 0.75 µm × 0.75 µm in size.
The deep acceptor level at E 1 e -300 meV due to NO 2 is always fully occupied under our experimental conditions. This full occupancy corresponds to the transfer of one electron from graphene sheets to NO 2 per adsorbate molecule, as observed in ref 3 . The occupancy of the NO 2 acceptor orbital is basically independent of temperature, which is very different from normal semiconductors, where the acceptor states are inside the gap and populated as a result of thermal excitation. Therefore, graphene electronic devices could be operated at arbitrarily low temperatures, in contrast to usual semiconductor devices.
Above, we elaborated on the strong difference between NO 2 and N 2 O 4 adsorbates regarding the impurity level energies and the doping strength. We would like to argue that this is a manifestation of a general difference between the doping by paramagnetic and diamagnetic adsorbates. The latter type of impurities act generally as rather weak dopants or do not give rise to any doping at all (Figure 4 , right column), whereas the paramagnetic impurities cause strong doping (Figure 4 , left column): closed shell molecules are chemically rather inert and exhibit HOMO/LUMO gaps typically on the order of E HLc ≈ 5-10 eV; 20 for doping by diamagnetic adsorbates, a mismatch of the molecular and the graphene chemical potential in the same order of magnitude or cluster formation is required. For open-shell systems, the situation is the opposite: as one orbital is only partially populated, occupied and unoccupied states are only separated by Hund exchange on the order of E HLo ≈ 1 eV.
Thus, any open-shell molecule will give rise to doping as long as the chemical potential mismatch ∆µ between the adsorbate and graphene exceeds half the Hund exchange splitting, i.e., ∆µ J 0.5 eV (see Figure 4 ). This displays a close relation between graphene's DOS and the fact that this material can be easily doped by many adsorbates. As there is no gap in the spectrum, a small mismatch in the chemical potential can be sufficient to provide an active donor or acceptor level (see Figure 4) . The introduction of a gap in conventional semiconductors means that the chemical potential mismatch has to exceed half the value of the gap in order to achieve any doping. Therefore, graphene gas sensors will, in general, be more sensitive than those built from usual semiconductors. Flat bands near the Fermi level are an origin of ferromagnetism and many related electronic instabilities. NO 2 molecules adsorbed on graphene create and control the occupancy of flat impurity bands near the Dirac point as well as they can lead to exchange scattering. This warrants future attention, as it can result in strongly spin-polarized impurity states 21 and lead to a possible pathway 22 to hightemperature magnetic order in graphene.
